Comparative Assessment of Potential Ground Uplift Induced by Injection of CO2 into Ainoura, and Berea Sandstone Formations  by Arsyad, Ardy et al.
 Procedia Earth and Planetary Science  6 ( 2013 )  278 – 286 
1878-5220 © 2013 The Authors. Published by Elsevier B.V.
Selection and/or peer review under responsibilty of Institut Teknologi Bandung and Kyushu University.
doi: 10.1016/j.proeps.2013.01.037 
International Symposium on Earth Science and Technology, CINEST 2012 
Comparative Assessment of Potential Ground Uplift Induced by 
Injection of CO2 into Ainoura, and Berea Sandstone Formations 
Ardy Arsyada,b, Yasuhiro Mitania, Tayfun Babadaglic,a* 
aDepartment of Civil and Structural Eng., Faculty of Engineering, Kyushu University, Fukuoka 819-0395, Japan 
b Department of Civil Engineering, Hasanuddin University, Makassar 40191, Indonesia 
cDepartment of Civil and Environmental Engineering, University of Alberta, Edmonton, T6G 2W2 Canada 
 
Abstract 
In this paper, we undertook numerical simulations to predict the uplift ground surface induced by CO2 injection into 
sedimentary rocks formations. Ainoura and Berea sandstone cases were selected to represent low and moderate permeability 
cases, respectively. Numerical simulations were conducted by employing a geohydrological analysis of multiphase phase flow 
and thermal transport simulation of TOUGH2 (Pruess et al. 1999), and a rock and soil mechanics with hydromechanical and 
thermomechanical interactions computation of FLAC3D (FLAC3D, 2005).  A 3D model of formations with the size of 3200 m u 
3200 m and the depth of 1600 m was generated.  The input of hydrological data of the model, including density, permeability, 
porosity, relative permeability data and capillary pressure were obtained from laboratory core tests. The rock formation was 
assumed to be homogeneous without fractures. Pore pressure, overburden pressure, and temperature were generated across the 
model in order to mimic the reservoir conditions.   
A CO2 injection well located at the centre of model surface, deeply down to the depth of 800 meters. The injection with the 
rate of 0.35 kg/s was simulated over the injection period of 5, 10, and 25 years. The temporal-spatial stresses and strains in the 
model were examined. It was found that, over the same flow rate of injection, the uplift induced by CO2 injection to Ainoura 
sandstone is higher than that to Berea sandstone. The increased pressure induced by CO2 injection into Ainoura sandstone was 
more pronounced at the vicinity of the injection point whereas the increased pressure induced in Berea sandstone was found to be 
more spreading from the injection point, even though it is very low due to low flow rate of injection. The increase of pressure 
altered the stress and strain in the rock formations, creating uplift in the overlying layers and subsidence in the underlying layers 
of the injection point. The uplift in the Ainoura sandstone maximized in a certain distance above the injection point and declines 
as it moves the surface. On the other hand, the uplift in Berea sandstone increased from the injection point to the surface. The 
uplift in Ainoura sandstone was higher than the uplift in Berea sandstone.  
The results also indicated that, the injection rate and permeability play important role in the pressure and ground 
deformation generated by injection. Overall, Berea sandstone performed a better storage capacity, yet it has poor in confinement.  
On the other hand, Ainoura sandstone showed well confinement but relatively poor storing capacity.  
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1. Introduction 
Prior to large-scale project of CO2 storage in deep saline aquifer, one critical aspect that requires careful 
examination is geomechanical effect induced by CO2 injection. Recently, a number of studies focused on this 
subject (Rutqvist and Tsang, 2002; Saripalli and Mc Grail 2002; Li et al 2002; Streit and Hills 2004; Yamamoto and 
Takahashi, 2004). As CO2 is injected into deep sedimentary rocks, it will flow vertically due to buoyancy effect and 
horizontally driven by differential pressure. It is likely that an overpressured injection occurs, generating excessive 
compression or even tension on the formation (Villarasa et al., 2010). In this situation, cracks and fractures would be 
initiated (Rutqvist and Tsang, 2002), which in turn creating a pathway for CO2 to escape and reach potable ground 
water and ground surface. Besides that, ground uplift might be taking place as observed in the Salah CO2 storage 
project.  
CO2 was injected into 1,850 m deep 20 m thick low permeable sandstone formation down dip of the Krechba 
producing field (Rutqvist, et al. 2010; Mathieson et al., 2011). The injection pressure increased up to 10 MPa or 
about 160% of the initial formation hydrostatic pressure. By using inSAR for measuring ground deformation in 
millimeters scale, ground uplift due to CO2 injection in three injection wells (KB501, KB502, KB503) was observed 
with average 5 mm/year.  
Clear understanding of ground uplift due to CO2 injection is critical in the assessment of the CO2 injection and 
storage potential, especially from the formation permeability point of view. This paper presents a comparative study 
about the ground uplift induced by CO2 injection in low and high permeable sedimentary rocks. A low permeable 
rock was selected due to its better trapping capability than high permeable rock.  This type of rocks can perform 
both reservoir and seal functions. Besides, geological conditions in Japan do not show such sedimentary basins 
underlying cap rock. Instead, low permeable rock overlies a reservoir rock such as a 130 m thick mudstone in the 
top of the Haizume sandstone formation observed in the Nagaoka CO2 injection project. 
2. Computational Model 
Numerical investigation was conducted by employing a geohydrological analysis of multiphase phase flow and 
thermal transport simulation options of TOUGH2 (Pruess et al. 1999), and a rock and soil mechanics with 
hydromechanical and thermomechanical interactions computation of FLAC3D. TOUGH2 is a reservoir simulator 
developed specifically for modeling CO2-brine mixtures (Pruess and Garcia, 2002). The simulator can incorporate 
the density and viscosity effects of CO2 into reservoir simulation, including CO2 solubility in liquid phase (Pruess et 
al. 2001). On other hand, FLAC3D is a three-dimensional explicit finite-difference program for engineering 
mechanics computation.  In FLAC3D, the explicit, Lagrangian, calculation scheme and the mixed discretization 
zoning technique (Marti and Cundall, 1982) can model the deformation of soil or rock that undergo plastic flow 
when their yield limit are reached (Itasca, 2005). 
In this study, TOUGH2-FLAC3D were coupled by using external functions that dictate changes in effective 
stress as a function of two-phase pore pressure and thermal expansion, and changes porosity, permeability as a 
function of mechanical deformation (Figure 1). This linking model is similar to what Rutqvist and Tsang (2002) 
performed in modelinghydromechanical changes on a caprock associated with CO2-injection into a brine formation. 
The external functions that govern the effective stress in the rock formation induced by increase of pore pressure can 
be described as follow: 
 
Pm DVV  c   (1) 
where V’ is effective stress, Vm is total mean stress, D is Biot’s coefficient (1941), and P is pore pressure 
 
As the change of the effective stress was computed, the porosity as function of the effective stress can be 
calculated. The relation between effective stress and the change of porosity (Davies and Davies, 1999) is as follows: 
 
  VIIII c arr e0   (2) 
where I0 is zero effective stress porosity, Ir is high effective stress porosity, and the exponent a is a parameter 
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In addition, the permeability change as a function of the porosity can also be described, by the following formula 
introduced by Davies and Davies (1999): 
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whereK0 is zero stress permeability and the exponent c is a parameter 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Schematic of linking TOUGH2 and FLAC3D for coupled hydromechanical simulation 
2.1. Geometry and material properties 
The size of the isotropic homogeneous sedimentary rock formation model is 3200 m u 3200 m u 1600 m (Figure 
2). As a grid size is 160 m u 160 m u 80 m, 8,000 grids can be generated across the model. Perforated injection well 
is located at the center with an injection point located at the depth of 800 m. The distance between of the injection 
well to the lateral boundaries and vertical boundary is 1600 and 800 meters, respectively. These distances are 
sufficient to minimize the boundary effect. The bottom layer of the model is fixed, whereas the top layer is freed.  
The rock formation of the model is Ainoura Sandstone. Later, as a comparison, Berea Sandstone was also used. The 
properties of those sandstones are shown in Table 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Schematic grid of the model 
X = 3200 m 
 Y = 3200 m 
Z = 1600 m 
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Table 1. Material Properties 
 
Property Ainoura 
Sandstone 
Berea 
Sandstone 
Young Modulus (GPa) 6.787 6.6 
Poisson ratio 0.242 0.38 
Air-dried density (t/m3) 2.350 2.080 
Zero stress porosity 0.155 0.248 
20 MPa stress permeability (mDarcy) 0.05 73 
Irreducible gas saturation, Sgr 0.15 0.05 
Irreducible liquid saturation, Swr 0.45 0.29 
Van Genuchten’s exponent, m 0.68 0.82 
Van Genuchten’s air-entry pressure, P0 (KPa) 25 3.5 
 
Mohr-Coulomb constitutive model was employed to analyzegeomechanicalbehavior of the model. CO2-water 
relative permeabilities for Ainoura and Berea sandstones were obtained from laboratory tests (Figure 3). The 
hydraulic parameters such as m, Swr, Sgr, and P0 were derived by matching the capillary pressure data of each 
sandstone type to the Van Genuchten equation (1980). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. CO2-water relative Permeability of Ainourasandstone, and Berea sandstone 
 
2.2. Initial and Boundary conditions 
Pre-injection calculation of underground temperature in the model was undertaken, by assuming a temperature 
gradient of 30qC/km. Therefore, the temperature in the model can be ranged from 17qC at the top layer to 55qC at 
the bottom layer (Table 2). The overburden pressure was estimated with the assumption of isotropic formation. The 
gradient of overburden pressures for the Ainoura Sandstone and Berea Sandstone formations are 23.25 kPa/m and 
20.8 kPa/m, respectively. Hence, the overburden pressure at 1600 meter depths is estimated as 38.8 MPa and 33.28 
MPa, for Ainoura, and Berea Sandstone, respectively (Table 2 and 3). 
 
Table 2. Initial conditions of the model before CO2 injection simulate 
Ainoura Sandstone 
Depth (m) Temperature (qC) Overburden Pressure 
(MPa) 
Pore Pressure (MPa) Permeability (mD) 
240 21 5.71 2.5 0.13 
480 27 11.42 5.0 0.097 
720 33 17.14 7.49 0.081 
960 39 22.85 9.98 0.071 
1200 45 28.56 12.48 0.064 
1440 51 34.27 14.98 0.059 
1600 55 38.08 16.64 0.056 
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Berea Sandstone 
Depth (m) Temperature (qC) Overburden Pressure 
(MPa) 
Pore Pressure (MPa) Permeability (mD) 
240 21 4.99 2.5 285 
480 27 9.98 5.0 231 
720 33 14.98 7.49 199 
960 39 19.97 9.98 176 
1200 45 24.96 12.48 159 
1440 51 29.95 14.98 145 
1600 55 33.28 16.64 136 
 
By conducting permeability measurement using flow pump permeability test, the intrinsic permeabilities of 
Ainoura and Berea sandstones were determined to be 0.077 mD and 178 mD, respectively. These permeabilities are 
of the depth of 800 meters. It is noted that the overburden pressure is influenced by the depth of layer. As the ground 
goes deeper, the overburden increases and permeability decreases.  The relationship between overburden pressure 
and permeability with the sample of Ainoura sandstone was investigated by Shin (2006). He found that the intrinsic 
permeability of Ainoura sandstone would decrease by 26% if the overburden pressure increases from 0 MPa to 10 
MPa. For Berea sandstone, the permeability also decreases by 21.6% if the overburden pressure increases by 5.51 
MPa (Muralidhara, 2004).  
The injection of CO2 into the Ainoura, and Berea sandstone was simulated at a constant rate of 0.35 kg/s over the 
period of 5 years. The injection rate is relatively small, about 1/1000 of the injection rate that is needed to meet the 
CO2 emission produced from standard coal power plant (350 kg/s) (Hitchon 1996). Low injection rate was used in 
this study due to low permeability of Ainoura sandstone, which is very susceptible to overpressure. High injection 
rate will generate high pressure that can surpass the lithostatic stress, leading to possible fracture initiation. 
Therefore, the selected injection rate must ensure the overpressure would not occur during injection. 
3. Pressure and CO2 Distribution 
Figures 4 and 5 present the change of pressure and the distribution of CO2 plume in the rock formation due to 
CO2 injection into Ainoura and Berea sandstone formations. 
In the Ainoura sandstone formation, the pressure induced by CO2 injection increases, particularly at the vicinity 
of the injection point. The increased pressure reaches 12.195 MPa, or almost 4 MPa from the initial pressure of 8.32 
MPa. It is obvious that an increase in pressure appears at the surrounding area of the injection point. In the area 
further away from the injection point, the increased pressure diminishes. Figure 4a shows that, at about 750 m 
laterally beyond the injection point, the hydrostatic pressure of the formation is not affected by the injection. This 
distance is defined as the critical distance.  
In the Berea sandstone formation, the injection of CO2 generates a lower pressure (about 8.5 MPa) than that of 
the Ainoura sandstone formation.  This value indicates that the pressure increases only by 0.18 MPa from initial 
formation pressure (8.32 MPa). This means that CO2 injection into high permeable rocks cannot propagate pressure 
higher than that on low permeable rocks. However, the critical distance is also quite large, even though the pressure 
yielded is low. This is due to more permeable nature of Berea Sandstone resulting in a larger coverage of pressure 
affected zone. 
 
 
Figure 4. Increase of pressure generated by CO2 injection to Ainoura sandstone (a), and Berea sandstone (b), over the period of five years 
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As for the spread of CO2 plume, the injection of CO2 into the Ainoura sandstone formation drives CO2 plume 
over the area about 120 meters laterally and 80 meters vertically from the injection point (Figure 5a). This reveals 
slow flow of CO2 in the low permeable rocks. Indeed, the total volume of CO2 that can be disposed in the Ainoura 
sandstone is small, reaching only about 55 kilo tons over the period of five years. However, this volume is definitely 
lower than the expected volume to dispose CO2 produced from a standard coal power plant, which yields 55 million 
tons over 5 years.  
In comparison to Ainoura sandstone, the Berea sandstone formation appears to have a larger capacity to dispose 
CO2. This can be inferred from larger migration of CO2 into the formation, estimated about 200 m laterally and 150 
meters vertically from the injection point. This shows that vertical flow is more pronounced than horizontal flow in 
high permeable rocks. It might be buoyancy driven flow in high permeable rock affecting the flow of CO2 while the 
differential pressure driven flow is dominant in low permeable rocks.  
As expected, high permeable rocks would be more suitable for geological CO2 storage due to well injectivity and 
CO2 migration. However, relatively fast CO2 migration in the high permeable rock formation is likely to create CO2 
leakage to upper groundwater zone. Even, if any fault existing in the formation, the leakage will be highly likely to 
occur. This indicates that, despite its better storage capacity, Berea sandstone has poor capability in confinement of 
CO2 flow. On the contrary, the Ainoura sandstone formation poses well confinement but small storage capacity of 
CO2. Perhaps, the best formation is a multiple layers where the Berea sandstone formation acts as aquifer layers 
underlying the Ainoura sandstone formation, which has a function as a seal. Investigations on CO2 injection 
performance of multiple layers are currently underway. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Spread of CO2 plumes driven by CO2 injection into Ainoura sandstone (a), and Berea sandstone (b), over the period of five years 
 
4. Ground Uplift Induced by CO2Injection 
Figure 6 presents the ground deformation yielded by CO2 injection to Ainoura sandstone. The injection of CO2 
drives CO2 into the formation resulting in the increase of pressure. This will in turn alter the stress-strain in the rock 
formation and ground deformation occurs. Our numerical simulation shows that, after five years, CO2  can 
propagate uplift with a 5 cm maximum over 1,170 m critical distance (Figure 6). In addition, the peak of surface 
uplift is located not at the vicinity of the injection well, but located at about 250 m from the injection well. This 
observation is different from what was expected, i.e., the peak of uplift must be much closer to the injection well. 
The yielded uplift might occur as a result of both vertical and lateral deformation of the formation. Therefore, the 
uplift peak seems to be moving away from the injection well.  
The simulation results also show that both ground uplift and ground sink are generated by CO2 injection into the 
Ainoura sandstone formation. The uplifted ground is found in the overlying layers, whereas the subsided/sink 
ground is in the underlying layers.  The magnitude of ground sink (maximum of 4cm) is smaller than the ground 
uplift (7.5cm). It can also be inferred from Figure 6b that the maximum uplift is at ~250 m vertically from the 
injection point. This is different from our hypothesis that maximum uplift is located at the vicinity of the injection 
point. This observation reveals that there exists certain distance from the injection point, where the deformation 
maximized.  
  
284   Ardy Arsyad et al. /  Procedia Earth and Planetary Science  6 ( 2013 )  278 – 286 
Overburden pressure factor may affect this distance as well. Although the pressure induced by injection is quite 
high to propagate ground deformation, its effect on generating ground deformation will rely on overburden pressure 
in the formation. High overburden pressure around the injection pressure is sufficient enough to prevent the decrease 
in the effective stress in the rock formation due to CO2 injection.  On the other hand, if the overburden pressure is 
low (in case of shallower depths), the increase of pressure can reduce the effective stress significantly. A low 
overburden pressure in the zones where the pressure increases due to CO2 injection will result in the maximum uplift 
yielded. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Ground surface (a) and vertical section (b) of the Ainoura sandstone formation as it is injected with CO2 over five years 
 
Compared to the Ainoura sandstone formation, CO2 injection into the Berea sandstone formation exhibits a 
different behavior (Figure 7). The pattern of ground deformation is more spread but more uniform. Ground uplift is 
yielded at the layer from the depth of 1100 m to the surface. The uplift in the ground surface is 0.95 cm whereas that 
in around the injection point is 0.1 cm. Therefore, as the ground becoming shallower, the uplift increases. This is 
contrary to the Ainoura sandstone formation. The ground sink is also found, from 0.7 cm at around the injection 
point to 1.9 cm to the bottom layer. Given by very small uplift over a large area of the Berea sandstone formation, 
the deformation of the ground seems to be less significant. The pattern of the uplift in the Berea sandstone formation 
shows such uniform deformation although four bulges still can be observed in the surface, as shown in Figure 7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Ground surface (a) and vertical section (b) of the Berea sandstone formation as it is injected with CO2 over five years 
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4.1. Ground deformation with injection of CO2 over 25 years 
The time factor and flow rate of injection affect the pressure and ground deformation induced by CO2 injection. 
To clarify this effect CO2 injection into the Berea sandstone formation was simulated for high flow rates (35 kg/s) 
over 25 years. As seen in Figure 8, the uplift in the Berea sandstone formation can reach 52.5 cm, whereas this is in 
about 30 cm for the Ainoura sandstone. Furthermore, CO2 injection into the Berea sandstone formation increases 
maximum pressure by 28 MPa (Figure 8), which is almost double the overburden pressure of 16.6 MPa. In contrast, 
the CO2 injection into the Ainoura sandstone formation increases the pressure by 18.32 MPa, slightly lower than the 
overburden pressure of 19.03 MPa. Based on conservative assumption that fracture will be propagated if the 
pressure is equal or surpass the overburden pressure, it can be suggested that hydraulic fracture is likely to occur in 
the Berea sandstone formation. Again, the results confirm low safety in the containment of CO2 flow despite its 
large storage capacity of 27.6 million tons. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Maximum uplift (a) and pressure (b) induced by CO2 injection 
5. Conclusion 
1. The increased pressure induced by CO2 injection into low permeability sandstones (like Ainoura sandstone) 
is more pronounced at the vicinity of the injection point and it will be diminished further away from the 
injection point. On the other hand, no such phenomenon is found in the CO2 injection in Berea sandstone. 
Instead, the increased pressure is found at wider area from the injection point with very low pressure. 
2. In general, the ground deformation generated by CO2 injection consists of ground uplift which occurs in the 
overlying layers and ground sink which takes place in the underlying layers of the injection point. The 
ground sinks is found to be smaller than the ground uplift. The peak of uplift at the ground surface is 
located at certain distance from the injection well. Longer period of the injection, more away the peak of 
uplift with larger area generated. 
3. The uplift in the Ainoura sandstone is more localized with a peak in the centre, while it is more spread 
without a peak in case of Berea sandstone. 
4. The results suggested that high permeable rocks would be suitable for geological CO2 storage due to well 
injectivity and CO2 migration. However, quite fast CO2 migration in the formation is likely to create CO2 
leakage to groundwater zone. This indicates that Berea sandstone performs a better storage capacity, yet it 
has poor capability in confinement. In contrast, Ainoura sandstone shows well confinement but relatively 
poor storing capacity.  
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